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The pcomponeant of the pecturbation velocity

The perturbatiou velocity

A space coordinate paraliel o U,

Dummy variabls

The leagth of the fixed portion of a flappad-plate hydrofoil
A space coordinate measured normal to the z-directicn

A complex varisble, 2 = 2 + iy

Operating angle of attack measured {com the direction of =

The difference beiween the operating angle of attack and the design angle
ol attack

The Dirac deita function

The flap angular deflection for the flapped-plate hydrofoil
A complex variable, £ = £ iy

A panametee

The imaginary e:otﬂin:to in the complex (-plane

A parameter defined on the Airfoil:-z- %(l - cos §)
s

A parameter defined for the flapped-plate hydroloil, F—.:---;}(l - cos 8))
The complex velocity, v = w ~is
Thac real cocrdinate in the complex (-plaae

The constant fluid deasity
e =2
Ko U2

Perturbation velocity poiential such that 7eis

Cavitaton nuntoc =

Iadicates qusatilies determined on the body s:rface
Indicates quantities determined on the cavity surface
refee 10 cavily flow, Figure I

refer 10 aon-cavity ilow, Figure 2
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ABSTRACT

\ A linearized thrcry is developod for stoady, tw=-Lmeasional cavity flows
about hydrofoil sections st 2&o cavitation sumber. The problem of calculnting
the {low characteristics incleding the hydrofoil forces and pitching moments is
reduced to 22 equivalent problam of the classical this sirfoil theory. This e-mi-

. v s .
[P

SR R A R SR

PRSP

o ‘—‘—--'ﬂm.-». .~

L

i i
? valcace is used to investigate the characteristics of hydroloil shapes of penctical -
i importance. In particalar, the LR, drag, aad pitching moment due Lo angle of }%
f 1 sttack aad flap dellection are determined. The important slect of hydrofoil shaps 5 }
i oa the cavitation dragis revealed, and 8 family of moderately low drag ectioas g
i ~ is specified. .
; : The lincarized theory results for the {lat piste are shown to be équal o the 3 .
: s ’ first-order (in angle of attack) teems of the exact theocy results. % ?
f INTROGUCTION o
g f ) With the increasing spevds of asval vessels and anderwater missiles, sffects of can- 4 ? }
§ i v tation become increasingly important, For sulficieatly high speeds, the design of propellers, <!
: & plase control surfaces, aad mais supporting foils requires infarmation regarcicg the forces a {
’ aad nomeats developnd oa lifting sucfaces with fully developed, trailing cavities. For sar- % :
. ! faces of moderste aspect ratio with sufficiently long cavities, mach of the aecessary design *g :
iaformation would be obtained from stadios of two-dimensicaa! hydroloils operating at zero 3 )
) cavitation numbee, that is, with a pressure in the cavity equal to the pressure of the undis- n"g .
? N ta-ded stream, Sach a study, utilizing a first-ordec approximation lineatized theory, comprises '
! the coateat of the preseat papec. :
: >' The sctaal problem being consideced here may be stated in the followiag way: To find
the lift, drag, and jitching moment about the e wing adge, of two-dimeasional sections
: : immetsed at an angls of attack, in a zniform, iafinite, steady, inviscid stream for which it 13
. assemed tSal cavitation occurs whea the fluid pressure ca the sutface of the body becomes
oqual o the pressuce of the undisturbed stream. Fot such a {low, the cavity extends to ia-
b finity. The hydroloil sections are assamed o be of almost arbitrary shape; the caiy specifi- :
cations ars st (a) they have sharp trailiag edges aad sulficiendy sharp noses 3o that cavi. .
” i tation occurs st both the leacding and trailing edges,(v) the section is sufficiectly thin 30 ;
: i that its uppee surface lies complately »ithiz 3 savity ahich springs from the leadiag edge f

-2d thus does a0t play a role in the detarmination of the flow pattaen, aad (c) the slopes and
curvatures of the sections® boticms are sulficieady small ‘o allow moaningful resulis 0 be
obtained from the linesrized theory, Although the problem is considered for all sections
neetiag the sbove specifications, the derived results ams physically meaningfal caly for those
soctioas for which the derived pressures on Qe hottom surface are aowhers less thaa the
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: Earliet mathematicsi investizaioms which are pertizent '~ tas preseat probiom (see
% Reference 1, Chapter II} are almost all coaceened with.exact solutipas. Of tha: work which
! : is a0l maialy concersed with mathemaucal existence and sniqueness quesiicas, the wack of ;
; : Levi-Civita is particularly of intereer; see Chaptee XII of Refeconce 2 for an excellent &is- 3 a
: X
. cussion. Levi-Civit' casiders an isverse prmblam 2ad sbtaias results which allow the cos- i !
struction o cvs Eke those considered Yere, but withoat initial specificatic: ~f the hydrofoil % *
shape. %+ “egard lo the practical solatioa of the present problem, thees has  .a little § ’
wugress beyond Levi-Civita's work. As far as exact solatioas ia closed fort. - » cancermed, ’% I
§ thea, the geawmsl ditect problers, which is noalinear in 2atare, symain. arsoiv--. -~ is fact ]
3
¢ suggests the derivation of approtimare Jeoy. Consideriag the asture of ** o izuniivas A E
izvolved, a first-ocder linearized theory ideatical in its spptoximat'ons to de now classical % :
¥ =
: thin airfail thocry, and similar to the Bz surized theory already developed for symmetric, twoe 3 .
! dimensioaal cavily flows (see Refeceace 1), seems espe~ially appropriate. ;% 3
B 2 ¥
! LINEARIZED THEORY g
: . 1.} be us< i1 0 consider boda the linearized veesion ol the present cavitation ) %
; P -ties we . the classical proWem of dia sirfoil theory, for which the solution has long been ?3
% Kruen Y :f
; Thas, considec the lows schecadcally illustrated in Figutes 1 aad 2, and let g .
: 7 « vlocity of Muid at 1ay point in the low field, = I, + v §
f - :g
’ = pecturbation velocity, E :
- 4
5 v = 3 and y components, respectively, of v, 5
L, = waifom velocity st =, parslldl to t%» ¥ axis, E
? = {ocal static pressure,
p 2 e static pressure of stream at infinity,
2 = cavity pressure,
N R . 25 ?c .
: 0 = CAvithlivi aumber & = .
’ wotld { ,
) = constant Nuid Seasity,
£ - i 3
K S = pecturbation \eiocity potential such that r = 44, §
Sudseript o 1dicates quast.izes detarmined on “be body surface, .
Subscript ¢ iadicates quant.ies determined oa the cavity surface, -
Unbarred syrcbols  refer w the cmvizy flow, Figure 1,
’ ' - Barred symbola refer 10 the acecawity {low, Figure 2, i ! z
!
0 symbolizes ‘urder of.” H
f :
- % 3 - - L '
€ - - Ao e Mt —— - . -, i
% : : I |
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On the bottom of the hydroleil, the stroaxline siope is specified dy
(2 ¥,) - 2{2, y,) gl R (& y,) .

{2, ’o)‘z 1
U +s(ngy) U L 2 0( ] )] m

(yo
ra

Ou the sirloil, the streamlina slope is specified ca e top by

o, Teper B Jo) [ ECpeen B B!, of Hzeri 2 30 ]
N “ ‘- D
and on te boliom by .

-

"

Gy 5y, FONCG F 5 )

G(lowen; T, 7 0( Z(lower; 3, f‘,)" ]
d: i"_ L ) E. E'- '

QRHFICENTIAL

RO N

A

SRt LT 1L D et Lo LA,
SR AR

oty it s S oLl

5

TR

.

P

v

£ D Y Y ——— i

(S PI VN

viwn

. A

(s A ki R

.
e A P, A
.

T b e

YOI —




@ Amevng e o

N b rewme

A S N

» ma

Bt W kL W o

o,
MMVHW% e

[ PN

.

——

CONFIDENT'AL * .

On the wall of the hydrofoil's cavity, the stadc pressure and thus the cavitation nume
bec are specified. From Bernouili's ecuation it follows that

LG, [y
T o( T

): = constaat {3}

It may be isferred from the Cauchy-Riemana equations that the perturbatioa velocity
changes very sloaly in space if streamline slopes and curvatures ars small, so that some
jastification exists for satisfying lirearized boundary conditions om the 2~ (oc 3) axis jastesd
of on the thin bodiea. At this point it is not profitable to attempt farthee to justily the sppeo-
ximatioss iavolved in the linearizatioa, but rather Lo provide fucther justification theu & com-
parison that will fiaally be made betweea exact and linearized resalts for a particular case
{pages 3 and 10).

The linearized boundary coaditions become

dy, o(x,0-) & .

z(‘)-——a:— v:;;(-aO-). 0<z<s {1a]
2(z, 0-

g-O-_(’_U:_..).%%(z’O-); 2>

{3a]

2u(a,

c-O-J&k’-é;(;o,); z>0

dy, - ¥(z,0 3 .

B0 .22 1 2o ocs<s (2a]

dz L u, dy

Fiaaliy, thes, the !inearized problems may be staced: To fiad the harmonic functicas
é{2, y) aad 5{3, 3} ~bosa gradisnis ia the limit vazisk avorywhees ca a circle of sufficiaally
large radius about the crigir, which satisly the boundary conditions of Equaticas [1a], [2a],
{3a] {waich are izcorporated in Figures 8 and 4) and which, for the sake of physical reality,
produce smooth flow at the points {5, 0-) aad (3, 0). In Figure 4, the asymmetry of 3(3, 7)
which follows from e definition of 3 (=, 7) just given, is used to specily bouadary ccaditios:
oa the antire Faxis.

The probiea for 3 (2, ¥ is es3entially solved through the obeecvation that its boundary
conditions mny be satisfied by a suitable distribution of virtex singuisrities placed oa the
ittecval O < F < 7. Tre strengthol the disuibuted vortex singularities i3 propoctional W
%{3, 0+}. Aa iateyral equation is taon obtained which relates %(Z, 0+) w0 th» 3irfoil shape.
Itis
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- Figere 3 - The Linsearized Boundary Conditioas for 2 Cavitating Hydrofoil, o = 0 %
7 e ,
= ;
4 . . - . 3 §
: : —i2%5.00:7 -‘-—’-ml—— g
¥ - i ? 2, - “g% 2 g
; S -—ip 2T 1 % i ‘
i 4 g — Je . ’A 3
i = T ° RN Y Sl =
i Ja Bee E |
z ; | |
? 4 JL E
‘E . - -.1.-, -:—% Finite o2 32 % :§ H
i B H
. : Figure 4 - The Linearized Boundary Coaditicas for aa Airfoil. No Cavitation. S .
' f : The integral Equatioa [4] is convenisnly solved by Glauert’s methed {see Roference 4, :
N : Chapter YII). Uselul resuits of the solution are collected for reference in ‘ppeadix A.
: i
THE HYDROFCIL-AIRFOIL EQUIYALENCE :
B {t is now to be shown that foc every cavitatizg %:dr=f2il peoblem of the tipe just dea- B
cribed, an intimately rciated thin airfoil problem exists whose solution may readily be con- ’
N £ vertad into the solution of the hydrolsil problem. .
§ First, recall that the complex velocity is an zzaivtic [uactioe of thecarplex space i
E : cooedinate: s
: %
w(z, ) ~icl, )= f(z+iy) =1(3)
atd that the Tunction () created from 7(3) by s conforral ransfocwating of the s-3pacotoa ;
= aew, say, J-space is slso o complex velocity. :
3 T ’ Then considoe the transfonnation
| ’ SR Vimo{eo(Eein (3 ; 3
H J i H
i . o .
- i . ? . g . i
. : : CORHDENTIAL oo :
2 ; £ . . 5 H
- ; ST | T
S I Rt S
. : S | ] B D
i i ] o
™ - i‘ , '-i’i'“&‘-‘"f‘** T R :éé - ~ T . t_
+ "E X xhr 4 5 ‘
R ;
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wi.ch an3forms the top of the positive z-axis iato the negative Saxis, the bottom of e
positive exis 1nto the positive Saxis, and the eatire s-plase, exclua.ve cf the cut positive
2-axis, into the lower half of the (-plane. .

The {low problem, schematically illustzaied ia Figure 3, is showa as a complex vanabie
problewm iz the origisal s-plane in Figere 5, aad is shown iz the trans{ormed (-plane ic 1 zwre 6.

it follows o & comparison of Figures ¢ sad ¢, that tte pcoblem represented in F' g-
are 8 is exactly s thin sirfoil problem. The airfoil equivalea: 1o any ziven hydroloil is ore
such that (using the initial 2otation for the airfoil flow):

(D - o (3D; v(3) = ¥#(yT)
ot, {6}
i 2 () = d_’Q(;z); L T T, )
dz iz ds dr
u(3) = w(52); u(3) = ¥(y3)
- M
and U = U,
'y
1-pione,
wive £(1) 18 ragulor
excest 3t y:0Q,23 0
%'-—Q{']! [o] A1
i ; z
‘ 238
i-'lf']--vm : R{t}e 0 —At—m
i \No S.nq«uw-'_'
l

Figure 5 - The Hydreforl Problem iz s-space.

s-Dlone.
S0 2g{0] -8 1EQUIAT A INg lOwer
hatt puIne g3ceot of O

in

=
e
—— 103] s=vtit) —<~b——afgjr0 ——

\ No Smgqlqn'y

Figure 3 - The Hydroloil Problem in [ Space, |7 2~ ¢
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i AS exampies:
;5 8. The Nat plate hydrofoil of choed # at 22 angle of attack a, {(uy, J2)(z) ~ ~al.1s
i equivalent » the Mat plate airfoil of chord 7 &t &n angle of sitack a, {{-Jy'o,’di)(}) --al,
% b. The Yydrofoii of sh-pe.yo - 3:: b2, (0<c2 < l),-l(dyg,’df)(:) =a ::26:} is aquivalient
2 % the airfoil of shape §, = aF « 26/33%, (0 < F < 1), [(dyy/d3)(3) = a + 203°].
As 3 coasequence of the hydroloil-airfoil equivalence, the lift, drag, and pitchiag
: momeat of a dydrofoil cocrespond to certain charactecistics of the squivalent airfoil.
For the hydeoloil:
N 2
The lift L -f(p(:, 0~)-p{s,04)] dz {8}
°
{d
The drag Da- f 22(5) [p(, 0-) = p(=, 00} dr 9]
°
i
; : The moment ¥ about the leading edge (+ counterclockwise)
: H (10}
; - j: {»(2,0-)~p{z, 04)] d=
. ]
Usiag the linearized Bemoulli equatica sad nondirensionalizing, these expressions
become
t 4
c. L .-J'g“(’,’o')d: 3a]
: Golls t L
Cp = n__ J'gﬁ( 3.“(:' f)-)jg
v PL'.Z‘ A dz 3 l‘
94,
oL U,
°
¢ 0
Cyo—d— - ‘25“";, i ‘198
Bolls: 2 ‘e
These coelficients may be expressed ia tems of quantitdas 1a e airfeil plase:
N I
4249{2,0-) . A
. ¢ CL - "'f s T dz B S
. 4 -
{ v
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dz {9}

c..-j.__,_ds {108}
®

The expression for the drag coellictert may be farther | sdaced by using the resalt con-
tained in Equation {4):

~o — -
 J

VI35 0-),_ VP @ 0., T 396200 MG 0
c,,.-f___asj | @ [ 222 o
2202 3 - s 102 .. F-F

Using the identity —2_ « _¥°_ .3
2-2" z-2°

R Vi -, - Vi .- vio
Cp~+ jﬂiﬁi’ﬁ'f A PPN I (509 2 J‘ 3E1 004 [9q]
val? 3-z 2 ]
or V- 1
20y - | —2 f (3, 0-) dF [9e]
\TU. 3

For the equivalent airfoil:

<
L1}

Tae lift L = | (5(3 0-) - 3(3, 0+)] &5 {11)

The moment i aboat the leadiag edge (« counterclock wisze)

(12}
FHE 0)-F(F 0N F

The third momen: ¥, «

P33 0-)-5(3 0+ F {13]

Again using the lizearized 2erzouili equation and nondimensicaaliziag, these ex.
ptessicns becomo:

- v
. c 4 3(3, 0~
&, = L‘ .- 2 07 [11a]
o loaT 0 VI L,
rﬁll?!ﬂ'\l?' 13}
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A comparison of Equations (8b], "], aad {10b] with Equations {11a], {12a] and [13a]
yields the ‘ollowiag idestities:

€, «Cy ) (14
R
G5 (16]

These results, together with Eguatioa [6] which delines the airfoil equivalent to a
given hydroiotl, completaly accomplish the reduction of the hydroloil peobiem to an sirfoil
peoblem. They will be used in the foliowing sections o study the characteristics of the

supeccavitatiag hycdroloil.

THE FLAT-PLATE HYDRCFOIL

The case of de caritating flat plate at an aagle of atack o i3 particuiarly interestiag
since the eract solution has long been kzown (see Refeceace 5, Chaptee IV) and because it
provides iaformation oa forces aad moments due solely o angle of aack.

The exact resalts for lift, drag, and pitching moment are:

¢ (sxu‘.'j-"" sing “ota R 13

L 4 + 2 3i0na 2 0(32) oo

Cot 2 of S2Si0a - 3 cosa Sea 01 a? 18

u (onact) (4»~sina)(z ‘[Sorsmc}) 32 {a%) (8
2

Cp {exact) = Cp (exact) - aza = 22—. O(a?) {19!

Accordiag w Equation {6], 2ad as tas been a0ted, the Na.-piaa hydroloil at eagle of
staack a is equivalant o » flat-piate airfo! a. aagle of sttacka . It 13 easily showa, usiay

rasults of the i airfail theocy, (2ee Appendix A) hat

€, (linewrized) = T, {hizearized) =22 (13a]
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Cy{lineasized) = E,s (linearizod) -%123 fl3al -
C, (linearized) = -1 & 2(linearized) Qe a2 [19a]

inea. - oo - -
ol 8¢ L ( 8y 2 e

The shapo of the cavity may also be determined. It is shown ia Appendix B that
8 ol of unit choed:

¥, (linearized; upper) = o [-: ¢—;-(1 27y Va2 +\F

0—:—[;(102\,’-8_—2 V:o\/'i')],:>0

{20}
¥ (liuear ~ed; lower) « a[- z+ -;-(Sv?— 1) Va-\7
--}l.(—lo!(:‘od Vz-ﬁ)],:)l
sad,
¥ (exact) = y (lineasrized) + O(a?) {20a]

The (act that the linearized theory, as appliad here to the case of the [1at plate gives
tecults for forces, moments, aad cavity shapes that are identical with the laading torm in the
exact solution expressions foe comesponding qQuantities, is an important jastification foe the
linearized theoty and, in sddition, provides a check oa the correctness of the hydrofoil-
airfoil equivalenco resuits.

THE FLAPPED-PLATE HYCRCFCIL

Because of its usefulness as a conuol surface, the configuration ccasisting of a hydeo-
foil with a hinged or lapped slee poctioa is of particular interest. As a particular case, 1ad
one rovaaling the effect of the Nlzp size on the flap elfectiveness, the flapped-plate hydrafoil,
as shown sckematicaily ir Figure 7, will be discussed.
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It follows ‘rom Equations [AT} and {A8] that

[9-3 3
Ao = o= ‘) {21 ;
)
A «=fsinng a2
* T4 A {
ahore
. —
A 1 i Ay
_;-.__:(1 - cos 3,) = — {23}
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Figure 7 - Flapped-Plate Hydroloil
Thes, csing Equatioas (A3}, {A4], [AS] aad Equatioas [14], [15], 18],
€ =G '%("n +4, 'ézz) =gl =0+ sin £,(2 - cos 0] 24
= 4
l A (5"‘0’7‘11'7‘42’“; --24)
{2s]

-.3.'.5.[5(, -8+ 14sin 3, -Tsin 20, ¢ 2sin 39, ~%sin 43,)

/ 4¥ a2 ) a1
e ..1_) = S-lr -9, o sin 9,12 (23

The quaatities (dC; )/(4¢) and (dCy)r {de) are shown a3 a funciion of flap chord ratio
ia Figere 5. 1218 imporeant 10 aote that te 1ift offectivencas 5{ all Nlaps largre than 41 pee-
ceat choed is a3 great as or grealer thaa we lift effoctiveness of an _aflapped 'oil. A 75 per-

- cent flap, for which the lift sffectivenass is aa optima=, has 2 lilt effectiveness 114 percent
of the sx/lapped foil elfectiveness. This is .3 coauast wich the siwatioa for avacasitatiag
airfoils, or which the flap effectiveness coatinually increases with iacreasiag flap.chord

rato. )
The lift/drag matio of 3 Qapped (21l Tor 2 Ziven lift coellicient is sroater he smallor

the Manvchord ratio. Im Figure 3 Bis ratio is shown as a faactioa of "ilt coefficient ‘or an
unflspped plate aad for & 25 percant flappad piste for adich [.,'D = 3,21 Cp. The flapped
plate is saen 20 bo decid ly suparior, 1t is 4 impoctant rodalt, demoaswraiad by tis exazple,
taat the cuvitazion drag cf 8 hydrofoil operatuag at a givea lift coelficicat is vory ruch deper-

deat ou he tydroloil shade.
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LCW-DRAG XYDRCFOIL3 .
The specilication of hydroloils with low cavitation drag is a problem of great practical
. :mporzance. Because the drag may be sevecal ti-es larger than necessary on a3 improperiy
: iessigned conliguration, the succeas of high-spead Yy drofoil boats and, parti.ularly, sypes-
H cavitating screws may well depend apca the sreper choice of the avdrofoil sectioas.
[i is of iaierest first W decarmine the ~‘aimum () (the lilt ~celficient being specified)
for tye class of sl possible ~avizadag hydrofoils. In view of the hydroloil-airfoil equivslaace, i .
10 problem becomes cae of determining the ~-aimum €, (the moment ccelficient being speci-
. fiud) for the clsas of ail possible sirfsile on whese lower <urface the pressure is 10v dere
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Figure 2 - L/D vs. C; [or Flat-Plate aad Flapped-Plate Hydroloils
less tran the [ree suream pressure. Low Jrag equivaient sirfoils will thus Yave centers of
penssuro relatively far aft of the leading edge. The oplimem 3itfoil pressurs diswribution caa
y g 2¢gy o}
be irmediateiy specified. It is shown in Figure 19 where 3(7) is the Dirar delta function
. defined such thae
-
-
! 5{3-5-”:4’:-1sndS(:-:‘)-Of'of.-»:l
: <
z £ The quéstion of the peactical possidility of obtaining <uch a pressure distnhution
: . ) aeed hot ba considered, The imporiant thiag is hat is case does furnish & lowed houad for
the hrdrofail draz which may be 330d as a reasure of drag performance,
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Figare 10 - Cptimum Low-Drag Pressure Distibution ca Equivalent Airfoil

Fer this optimam pressure distribution,

El‘ .. - ':L- 'EL fil
wo U287 4p024
Then,
00‘5‘7-1.2 (2]
C
() -& (ol
e LIS ¢4

This optinmum may be compared v the lift, drag ratic of the {lat plate, which, as has
already been indicated, 13 an infecioe secticn.

.gk -t 31)
D flat plate s

It is of importance aow o specily & family of hydrolcil sections with relaively 10w
drag charactedistics, Such a jamily i3 cue whose equivalent airfoil family is described by

7 A7 ¢ 75
5o 4 fcos9-Lcos 29} i1 A2 gfF) 0321
dz 1 2 2 F H

Thesa shapus wace chosen [rom & more zenera! Jamily is such & way that thay have a
minirum <rag aad still have pressure distributions such that the bettom pressuees are at 5o

CONFIRENTAL

bt i sk

R

[Regr—

o

I

ATEMATIL sy s e fyerw
ST e RO e |

¢
[ e O Y W

m‘ﬁmﬁ




A et e i

OO

iy

T e e

-

.

b

iGNty 1

7
e

[FRtprpee—

e I

AR

B

N SRR

¢

gy

R as

1

e

T

i N

v

00 1 Al S i A A A, SA B\, s . A, 0

o~

P T L]

15 “INFIDENTIAL

= 1t 'nex than the ° 2e stream pressure. The general family deall sith is 2an foe v 5erh the
vquival nt aitfoi} ‘amily consista of shapes such Jhat 4y . dF = - dg+d cosg.d, cos 29
(sen Equauon [A6], Appendix A

For these lowdrig shapes,

éL -'-“‘ {13}
. Sed
C, = 1 34
e {34)
. 212 4
c,s . i {35]
The shape of the correspoading hidroloil family is
j’g ‘!; T z
—_—nfl 4}y -82
dr 2 ( V. a) (3]
or
Yo Al 8(=\7_(2)7] (%)
s 2 [l J\s s2f |}
foe which
~  Sed
€, =Cy -—-s-—‘ {38]
- 21+ 4
Cy2Cly = 1 39
¥ IJ 64 [ ]
- ~ 1 T3 w42
"‘D --a—'— “L) .—B'L (w]
CL - T . .
~% o —— (when operating 1t design €, ) '41}
C, 84 ° ) ~

Equation {17] may be rewritr ™
Ly
Yo taffz\.812\sz_ (f2\7] 137x)
. Se s 3 \ s N J

where &) 18 the desian ft conific.at. The <hape of these sectcns o3 shown v P, 12
wherte (y,."s1. /(4 ,"_,_1 ‘523 12 piotlec as o {unction of (& 7s).

Corparizon of the draz charscteeratics of the<e low-w 32 3:t701i3 with those of a NMat
olate revaal "hai T a zoven LI coelfizient thoy 2ave oniy one sxth the dra of 1+ Tt plate.
Comparison with 01e vuwirs= ~ue -rLusiton [30)) indicates that even this low-crag famuiy

may be improved ipoa. Surss 3 deveisprent i3 a0t o be atarpeed here.
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Figure 11 - Low-Drag Hydrofcil Sections

it is to be soted 2t the lift//drag ratio calcalated (Equat:oa [41]) is only obtained
whea the [oil is opecatizg at its design Lt coelficient, for which, iacideatally, the flow
enters the leadiag edge without stagnatiag (so-called **shock-free’* entry). Fur angles of
stiack less than the desige angle, the {01l will probably caritaie on the lower side and the
lift will probably oe reversed. It may thes de desirsble 1o opecais a [oil at some angle of
sttack slightiy largee thaa the design angle. For such a cass it may be shown that
o’ 20,

L
] 4
A - {42

30 ) S WAL
(c SCLd) (o s'c_”)

where a’is the Gilfereace between the operatisg angle of aitack aad the design angls of

‘«9
»
wie

i

D

auack. These rutios sre shown lor seversl members of e low-drag family in Figure 12,
Large increases ia drag ~esalt whea foils ars opersted ar aagles of attack substantially
larger thaa the Zesign sngles. Nevectheless, caviiation drags equal 10 »r evea less taan the
magaitude of the visccas arag of cne wetted surface caa probably te obtained in & peactical
desiza. Thin, free the g point of view, supeccavitatirg confizwations may be designed

with chaiecteristics ncl :afacior 1o hose of ~oncaviiting conflizunstions,
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SU4MARY

1. The linearized theory 13 ¢ meaningiul first-order theory for calculating the characteris-

v

tdcs of supercavitatiag hvdroloils at small aagles of attack. The justilication for this con.
clusion lies in the resals that in the case of a flat piate at zeen cavitation number, the lines-
rizsed cesxlt for cavity shape, foil forces, und pitchiag momeat ia actaally the fiest-order torm
in am expansios of the exact solution in powers of the angle of attack.

2. The problem of determisiag the zaro cavitaiion aamber charscteristics of xa arbitrary
hydroloil section caa be teduced in a simple meaner 10 aa equivalent thin airfoil problem.
Simple relationships axist baincen the lift, dug, aad pitching momeet of the hydroloil, aad
the momeat, lilt, sad thicd moceat of the equivaleat airfoil. Elffective and practical existing
methods may be 1sed o solve the thin airfoil problem.

3. The lift cuerve and momeat curve slopes for a flat plate st zeco cavitatioa aumber ace,
respecti 1y, #/2 sad S#/32, as compared with the comresponding values for ‘he doncavitating
fla. plata of 3¢ and v,/3. These valuss also represent the (iR snd moment elfactiveness with
respect to aagle of attack of cambaered sactioas.

LT TS ——

ftn ALPREE 4, e ad vty Y w

4, At zero cavitation aumber, the lilt effectivoncss {with reepoct o Mlap Jellection) of sl
flaps larger than 41 peccent chord is as great or groater tham the 1ift sfTectiveness of an un-
flapped foil (Naz plaw).
} 5. The cavitatioa drag sccampanyiag a given lift is very =ych depsndent ca the hydroloil
shape. An absolate minimum drag exista for any givea lift. ALl practical hydroloiis must
(0,13 /8a.

o o i e A, W \f’»&ﬁ?w‘ﬁmﬁ’ﬁ

have drags larger thac this ansolute mivimam, which is (Cp), =

8. For all size Maps, the geaeraiion of lift by flap dellaction results in less drag than the
goaoratiss of 1M 5y angle of attack changes. Thus, from the cavitatioa irag standpoiat, the
flat plate is s2 iaferior Mydreloil sectina.

-

| eI o 0 40

7. The gvneeatioa of lilt by the croper usa of camber results in less drag than the genera-
tior of lift by Qlap dellectica foe practical size ilaps.

8. Cambeced ydroloils zay be dedigned lor
deag at moderats lift coefficients is appmximas., tha same a3 the viscows drag of vne
wetted surfaco. Thus, supeecavitating ceafiguratioas nay probably be designed with drag
characiatistics not esseatially ialerior 0 those of noacavitatiag confizuratioas.

e

drag cpetwica, for wdich the cavitation

' 3. A hmyly of relatively iow.draz hydrofoils sad their thaorstical charactaristics are

prosented in the present papec.
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APPENDIX A

USEFUL RESULTS CF THE LINEARIZED AIRFCIL THECRY

CONFIDENTIAL

The aotation of Figure 2 wil! ke used: in particular, the airfoil ardinate y,(2) is
measured normal to the free sream ditecucn. This notatios differs from that of Glauuet

(Reference §, Chaptar VII) wheco the airfoil ordinate is messured nommal o the chord line and
accounts for those diffeconces betroen the presentation below aad *kat of Gle -

i
Za -;(1 - 233 3
and it is asesumed that o
(2, 0+) = 5‘_{.40 eocz— + i‘ 4, sinng

then it follows that

5,_ i . ':,(40’.‘4_1)
x’v-zg 2

Cye—Y¥ .= 4
& %o 2 8 2(““4’ 2)

5 ¥ - 4\
Cy @z -3-'-2- (SA°¢7A‘—4.42+3.43—-24)

.J !" z;_z il

It also follows from Tquadoa {4) that

dy, -
—52(5)--.40+lz.4.eosna

where
d

= (e

g\—-—-‘.

I’
Q

[ ]

(]
N -

L 4
j-—(&) cus a8 d3
(3

Q,

L ha

a

Yy

-1

(A3]

{A4]

(A3]

A6}

{A8}

The thia airfoil shaps beisg siven, the sbove relations permit the calculation of

preasure distribation and resallaat ‘orces 2ad moments.
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APPENDIX B
WAKE SHAPE ACCORDING TO LINEARIZED AND EXACT THECRIES

LINEARIZED THECRY

Accordiag to e aseumpdions of the linearited theory aad using the notatioa of Figure
1,
éy, (vppec; 3} 02, 04)
da ]

[B1]
sy, (lower; 2) e(z, 0-)
& 7

from which it follows =

(uppec; 3) = 1 ! v, 09 &
L.

(821

¥, (loner; 2) -% ] (4 0--) dt
-
o
The problam of findiag v(?, 0+) sad (¢, 0=) for the hydroloil may be traasformed iato the
peoblem of Rading ¥(7, 0) in the airfoil piane. Makiag use of the transformstion, Equatics [5],
Eggation (B2)] thea becomes

fam\T
%, (epper; 3) -3,2- J' (5, 0) FdT
“ e
- - B2
eyt {
% (lowee; 2) » 03 f V(L 0y FdT
“a

The peoblea of fiading (£, 0) for 2 (lat-plate sirfoil of uzit chord 22 angle of atack @
may be solved by a mepping techaique, The i:xage of the ~exis in the cosjagale compiax
veiocity plane is & polygoa (see Figure B1). It may de mapped 01> ils image ia the physical
piane by makiag zse of a Schwarz-Christoifel rsaslormation. The mappiag function is thea
*he solutica of the preseat problem since it provides a relation between the velocity coms
poneats and the physical space coordinates.

As the polygon in the complex velocity plane is traversed rom B Cw I e d o
8, the reginnon the right is to be winsformed 13t0 the lower Lalf of tha physical plasze. The
vetticos of the polygon 3CSA2 are o be mapped iato the points 0 aad 1 in the physical plane,
The interior aagie at £ is 2, 2 the interior 22319 3 B is5 - 7,2 The mappisg fuaction is then;

LA S— {B4)

0‘ C’/: “z_:-.l-
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Substituting Equatica [B7] ia {B3],

y.(uppst‘,a-cf-xo-(l¢ 2\'7) }:q-‘,x+-in\l¢"\,:- yxo\:)rz>0

y,(lower; e -ax, 0<a<} (Bt}

) ,.(zo'«;,)..[-a--}(x-zﬁ) y;-\/?-%h(-l¢2v’i“2}/s-\/!)}:>l
EXACT THEORY

The exact wake shape in parametric form is easily found by making use of the results
of the exact solztios as presented in Refercica 2, Chagter XII,
In ths preseat nolatica and assuming a plate of aait choed,

"__N;a [“‘%({3"’)"]

{B9]
*ai:% [C, 22 h(c, )] 1<¢ <=1
’.(M sma ["1 eosa:cz -1)- l]
{B1d}
sma4eoaa [‘ \/‘-z ~l+In (4-‘ - /(‘1 - ])], 1¢ ;’l
% (lower) =222 [c, - @i -n- 1]
{B11)

. —~—\]
-sm:: cosa[‘-‘ /(‘2-14»!.(-(19v'(:‘ -1)‘:((—1

where o, is 2 parameter.

Expandiag Equations {B9], {B10], and {B11] in & pewor sarias ia the angio of azack,

s--l- < 1 2 1 A
weoifa-da g e g 312
al, 1., —_— -

B
= - {B13j

. b
1 «2i, 1,2 » ST fir -
% (lower) 4 30 ';.zi-%?"'“!z-l*m(c"v‘:f-')j
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Finaily, upon elimination of the parameter {, from Equalicas {B12] - [B14]

iag resuit i+ shiained

B3

% (8x32t) « y (linearized) + Ora®)

wheen y, (lincarized) is given in Equatios [BS!.

i ~ " . \
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APPENDIX C
LISTING OF USEFUL THECORETICAL RESULTS
For coavesiencs, the most useful theorstics!l resuits are listed below:
Relaticnship betwees hydrofoil shape aad equivalent airfoil skape:
dy a5,
“I9(3) a2
2z = VD (6]
Relaticaskips bet>eea hydrofail forces =ad momeats, and equivaleat airfoil forces and
®oneats:
Cp = Cy [14]
Oy = 6,3 {15}
Cp = s':' &2 (16)

x
|

= m«aﬁmmmmmmr

3

|
|

»

R

o

ol X
inyéﬁh(.}l Lt By

i

L

Forces, pitchiag moment sbout leading edge, and lift/drag -atio for a flat-piate hydroloil (o= 0):

€L =22 (17a]

Cy =322 (18a)

¢, - -;’ (19a]
L/ - o (31)

Forces and pitching momeat about leading edge for a lapped-plate hydroloil (s = 0) (sce
Figae T):

c, ..‘z_(, ~ 8, +%in §,(2 - cos 4,)] {24 :
e | . - . 1. . g
C. -.5.2..15('- EARY 14 sia 9, -7 8ina 29, +25sia 33, —zsu -H!.] [Z5])
2
Cpoliie~4, +zsin gl 2
D" [#~ 4, +3in 8] {26}
whers
l/ 1
< -T_’.(l - cos &) {23}
Cptimea hydrofoil 1ift, arag ratio (+ = 0}:
(_L.) «le 121
2o, €L : .
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Lift/deeg ratio for relstively iow—dng hydrofoils (o « 0) (see Figure 11}:

.2
L a *‘-;CL‘
27 . {42)

D .
’ 4 4
(e )

where (; i3 the design lift coefficient and a’ is the dilference between the operatiag sagle
of sttack aad the design angle of attack.
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